DNA sequences in the alcohol dehydrogenase genes of flies representing the major groups of Hawaiian Drosophila are used to clarify the relationships of these groups, among themselves and with mainland Drosophila. The topology of the tree derived from these sequences agrees with karyotypic and morphological data but disagrees, in part, with the results of an earlier study that used immunological comparisons between variants of a larval hemolymph protein. A time scale, derived from a comparison of closely related Hawaiian Drosophila species, provides divergencetime estimates that are substantially more recent than those obtained from the immunological studies, although they are still within the bounds set by fossil and biogeographical evidence. The two major lineages of Hawaiian Drosophila, the scaptomyzoids and the drosophiloids, are shown to be widely separated from one another. The scaptomyzoids appear to have diverged early in the history of the subgenus Drosophila, >25 Mya. While hundreds of scaptomyzoid species are found in the Hawaiian archipelago, many fewer are found elsewhere around the world, suggesting that they could have originated outside Hawaii. The drosophiloid lineage is strictly endemic to Hawaii and originated little more than 10 Mya, according to the alcohol dehydrogenase molecular clock. Thus, Drosophila apparently inhabited the Hawaiian archipelago (a5 Myr before the emergence of the oldest existing high island, Kauai, 5 Mya.
Introduction
The drosophilidae of the Hawaiian Islands provide one of the best-studied examples of an explosive radiation of species. It is estimated that 800-1,000 species, of which -500 are described (Kaneshiro 1976) , now inhabit the six major islands, which together account for only 0.0 1% of the earth's land area (Carson et al. 1970) . Internal morphology suggests that these diverse species are composed of two lineages, drosophiloids and scaptomyzoids, which may have evolved from a single ancestral population of founders (Throckmorton 1966; Kaneshiro 1976) . Since the oldest of the Hawaiian Islands presently inhabited by drosophilids is only -5 Myr old (McDougall 1979) , we are presented with the problem of explaining the evolution of an extraordinary diversity of flies in a very short evolutionary time. The geology of the Hawaiian archipelago provides us with potential solution. As the earth's crust slowly passes over a hot spot in the mantle, islands are successively formed and eroded. The traces of this process range in age from the volcanically active island of Hawaii ( -0.5 Myr old), to the Koko seamount in the northwest Pacific Ocean, which is -45 Myr old (McDougall 1979) , and on to the Emperor chain of seamounts, which are even older. It is possible, then, that drosophilids have lived in the Hawaiian Islands for far longer than 5 Myr, leaving old islands before the latter sank beneath the sea and migrating to new islands as these are formed. Immunological studies of a larval hemolymph protein (Beverley and Wilson 1985) suggested that the two major lineages of Hawaiian drosophilids diverged at about the same time as the separation between the major subgenera, Sophophora and Drosophila, and that colonization, if it were a single event, occurred 42 Mya, long before any of the currently inhabited islands were formed.
We have determined the DNA sequences of a nuclear gene, alcohol dehydrogenase (Adh) (E.C. 1.1.1.1)) from four species of Hawaiian Drosophila representing the major groups, both drosophiloid and scaptomyzoid. Adh is one of the best-studied genes in Drosophila. The evolution of its structure and regulation has recently been reviewed by Sullivan et al. ( 1989) . In the present paper we consider Adh sequence data only in terms of the evolution of the Hawaiian Drosophila. By comparing the coding regions of these genes with homologous sequences obtained earlier from members of the picture-winged group of Hawaiian Drosophila (Rowan and Dickinson 1988; Rowan and Hunt 199 1) and from several species of continental Drosophila (Benyajati et al. 198 1; Fischer and Maniatis 1985; Schaeffer and Aquadro 1987) , we are able to construct a phylogenetic tree. The previous work on the sequences of Adh in five species of the well-known planitibia subgroup of the picture-winged group (Carson 1976; Rowan and Hunt 199 1) allows us to calibrate a molecular clock and to estimate divergence times between the different lineages. Our results suggest an ancient origin for Hawaiian Drosophila, a finding in agreement with the immunological work (Beverley and Wilson 1985) , but they do not produce the same topology in the phylogenetic tree, nor do they suggest the same times of divergence.
Material and Methods

Sources of Flies
The four species whose Adh genes were sequenced during the present study were obtained as follows: Drosophila adiastola were taken from an isofemale line (W79B) originally collected in Waikamoi, Maui. Drosophila nigra and D. crassifemur were also collected in Waikamoi, Maui. Drosophila mimica was taken from Bird Park on the island of Hawaii. Drosophila adiastola belongs to the picture-winged group, but its classification has been challenged, as will be elaborated later. Drosophila mimica is a member of the modified-mouthparts group, and D. nigra is a member of the fungus-feeders group. Drosophila crasstfemur is traditionally placed in the subgenus Engiscaptomyza of the genus Drosophila. It is generally regarded as belonging to the scaptomyzoid lineage of the family Drosophilidae (Hardy 1966; Spieth 1966; Takada 1966; Throckmorton 1966; Clayton 1968; Kaneshiro 1969) .
The sequences used for comparative purposes are those of D. heteroneura, a member of the planitibia subgroup of the Hawaiian picture-winged group (Rowan and Hunt 199 1) ; D. afinidisjuncta, another Hawaiian picture-winged species ( Rowan and Dickinson 1988) ; D. mulleri, a member of the virilis-repleta radiation of the subgenus Drosophila (Fischer and Maniatis 1985) (of the two copies present in this species, Adh-1 was used here); D. pseudoobscura, a member of the obscura group of the subgenus Sophophora (Schaeffer and Aquadro 1987) ; and D. melanogaster, a member of the melanogaster group of the subgenus Sophophora (Benyajati et al. 198 1) . The appendix lists the taxa used in the present study and shows their positions in a classification based on morphology and on the patterns of polytene chromosome bands. It should be emphasized that the subgenus Drosophila is paraphyletic as it is presently constituted. The subgenus Engiscaptomyza and the genus Scaptomyza are considered to have derived from within the subgenus Drosophila (Throckmorton 1975) .
Cloning and Sequencing
Genomic libraries were constructed in bacteriophage lambda ( EMBL3 ) by partial digestion of genomic DNA with MboI, isolated as described by Bishop and Hunt ( 1988) , treated with alkaline phosphatase, ligated into the BamHI site of the bacteriophage DNA, and packaged into bacteriophage by using the Packagene extract from Promega Biotech (Frischauf et al. 1983) . The Adh coding sequences were located by screening the libraries with a 1.6-kb EcoRI probe derived from the Adh coding region of D. heteroneura subcloned in pBR322 (Bishop and Hunt 1988; Rowan and Hunt 199 1) . DNA fragments from the recombinant bacteriophage containing the Adh region were subcloned into M 13mp 18 or mp19 (Messing 1983; Yanisch-Perron et al. 1985 ) , in the case of D. adiastola and D. mimica, or into the chimeric plasmid pzfl8u (Mead and Kemper 1988) ) in the case of D. nigra and D. crassifemur. The resulting recombinants were subcloned after controlled deletion by exonuclease III digestion (Henikoff 1984) , to provide overlapping nested sets of templates for DNA sequence determination. Sequencing was done with the Sanger dideoxy chain-termination method (Sanger et al. 1977) , by using either single-stranded DNA from bacteriophage Ml3 recombinant subclones or double-stranded DNA from the chimeric plasmid subclones and a modified T7 DNA polymerase ( Sequenase, US Biochemical) (Toneguzzo et al. 1988 ) . Autoradiographs of polyacrylamide sequencing gels were read with a semiautomated gel reader by using the Graf/Bar sonic digitizer (Science Accessories Corp.) in conjunction with an Apple IIe microcomputer which produces files usable by the DPSA analysis program (Marck 1986 ). The entire region was sequenced at least twice in each direction, to confirm the sequence data. In one region where there was some ambiguity due to compressions in the sequencing, a synthetic oligonucleotide primer ( 5 'CGAAGATTGTCTTCA-3 ') was used for the double-stranded DNA sequencing of plasmids from each of the four species.
Sequence Alignment and Analyses
Exons were aligned with previously obtained sequences of Adh coding regions. Noncoding portions of the Adh region are much more difficult to deal with, especially over the evolutionary distances considered here, because of insertions, deletions, and duplications. Introns from the Hawaiian species were aligned with the aid of the multiple-alignment program CLUSTAL Sharp 1988, 1989) ) provided by its authors. No attempt is made here to consider either the 5' and 3' noncoding regions or the introns of the non-Hawaiian species. These regions will be dealt with elsewhere.
Distances between pairs of coding region sequences were calculated using several methods. One method was the two-parameter model of Kimura ( 1980) , calculated with the program DNADIST from PHYLIP (Felsenstein 1989) . Two methods were used to look at the effects of synonymous and nonsynonymous substitutions. The first of these methods is that of Li et al. ( 1985 ) , which estimates rates of synonymous and nonsynonymous substitutions on the basis of a more precise six-parameter model which allows for unequal rates of the different transitions and transversions. No correction for codon bias was used. A FORTRAN program provided by its authors was used for these analyses. Fourfold-degenerate site changes were estimated by the method of Lewontin ( 1989) by using a Basic program provided by him. Phylogenetic trees were constructed by a variety of methods using programs found in the PAUP (version 3.Oj) (Swofford 1990 ) and PHYLIP (version 3.3) (Felsenstein 1989 ) packages ofcomputer programs. Relative-rate tests (Sarich and Wilson 1967) were performed using the method of Wu and Li ( 1985) .
Results
Sequence Alignment
The alignments of Adh coding regions and the introns of the Hawaiian species are shown in figure 1 . With the exception of Drosophila melanogaster, all the species have coding regions of the same length and with equivalent placements of introns. Drosophila melanogaster has two extra codons immediately 3' of the initiation codon. These codons are excluded from the analyses and from figure 1.
Topology of the Gene Tree
Base Composition
The alignments were used to reconstruct the phylogeny of the Adh locus and, by inference, that of the flies. All methods for calculating multiple-hit corrections in distance estimation assume equal base compositions in the different sequences and are biased, to an unknown extent, by departures from equality (Gillespie 1986) . It is therefore of interest to test this assumption before proceeding further with the analysis. Table 1 gives the base compositions in the Adh coding regions of the nine species. The base composition at first and second positions does not differ significantly among the nine species (x2, P > 0.05). The third positions, however, do differ significantly (x2, P < 0.01). This heterogeneity is due primarily to differences between the continental species and the Hawaiian endemics. The Hawaiian flies do not differ significantly among themselves (x2, P > 0.05 ) . Thus, within the Hawaiian flies, base composition is not an obvious factor in the analyses; but in comparisons with mainland species it should be taken into account, as mentioned below.
Distance Measurements and Calibration of a Molecular Clock
Pairwise distances were calculated for synonymous and nonsynonymous positions by the method of Li et al. ( 1985 ) (table 2). The molecular clock was calibrated using the results that Rowan and Hunt ( 199 1) derived from the Adh sequences of five species of the planitibia subgroup. Rowan and Hunt ( 199 1) estimated that the perlineage rate was 0.015 substitutions/nucleotide/Myr for synonymous positions. This value is two to three times the maximal rate estimated for mammalian synonymous substitutions. Divergence times were estimated by applying this value to the pairwise distances between the sequences considered here. The results are shown in table 2.
Construction of Phylogenetic Trees
Several methods were used to construct phylogenetic trees based on these sequences. When the pairwise distances based on fourfold-degenerate sites (table 3 ) are analyzed by the least-squares method of Fitch and Margoliash ( 1967) , the results are as shown in figure 2. This method does not assume equal rates of evolution in different lineages. The program FITCH from PHYLIP was used for this analysis (Felsenstein 1989) . Both the topology and branch lengths of this tree are very stable when the order of the addition of species to the analysis is varied. The same analysis applied to distances based on synonymous substitution rates (table 2) produces a tree with both the same topology and similar relative branch lengths. Likewise, when pairwise distances based on the entire coding region are calculated using Kimura's two-parameter model (Kimura 1980 ) (data not shown) and then analyzed in the same way, an identical topology is again obtained. Figure 3 shows the results of a bootstrapped parsimony analysis (Felsenstein 1985) of the entire coding sequence produced by PAUP (Swofford 1990 ). This tree is an unrooted majority-rule consensus tree from 100 replicates of branch-and-bound parsimony on resampled data produced by sampling 762 characters (the number of bases in the sequences) with replacement. At each node on the consensus tree is the number of times per 100 replicates that the taxa descending from that node occurred together. With the exception of the mimicaadiastola branching order, the topology of this tree is very strongly supported. The time scale is derived from the divergence times estimated from synonymous substitution rates (table 2)) with no attempt to estimate error.
Maximum likelihood methods were used in further attempts to resolve the mimica-adiastola branching order and to check for rate heterogeneity among the Hawaiian species. The PHYLIP programs DNAMLK, which assumes a molecular clock, and DNAML (version 3.3 1 ), which does not assume a molecular clock, were used. All analyses were done twice, once without any categorization of codon positions and once with the C( ategories) option in effect. In this last case, first-position sites were assigned a rate of change of 0.23 1, second-position sites a rate of 0.134, and thirdposition sites a rate of 1 .O. These rates were obtained by calculating the Kimura twoparameter distances (DNADIST, option K) separately for first, second, and third positions between D. heteroneura and D. crassifemur and normalizing on the thirdposition result. In both sets of analyses, DNAML and DNAMLK produce trees with the same topology for the six Hawaiian species, a topology that is identical to that produced by the parsimony and distance analyses. A test of the molecular-clock hypothesis is therefore appropriate (Felsenstein 1989) , and the likelihoods of the two trees were compared by a likelihood ratio test. No evidence of rate heterogeneity was found (P > 0.1 in both cases). IQshino and Hasegawa's ( 1989 ) method for calculating the mean and variance of log-likelihood differences between trees was used to test the significance of the mimica-adiastola branching order. Tests with and without a clock, each with sites categorized and not categorized as above, were performed, and in no case was the tree with adiastola branching off before mimica found to be significantly worse than the tree with the highest likelihood, which has the converse branching order.
Discussion
'
Rate of Evolution of Adh
Comparisons between Hawaiian and mainland drosophilid species show large differences in codon usage at the Adh locus. These differences span two-thirds of the range of variation in third-position G+C content found in a large sample of proteinproducing genes from Drosophila melanogaster . Shields et al. ( 1988) have suggested that a high G+C content in the third position (at "silent" sites) is associated both with higher levels of gene expression and with stronger selective constraints on codon usage. The lower G+C content at third-position sites in Adh pseudogenes in members of the repleta group is consistent with this hypothesis and suggests that the Adh genes of Hawaiian Drosophila are not as constrained as those of their mainland counterparts. Regardless of its cause, this difference in base composition biases, to an unknown extent, the methods used to correct for multiple substitutions at a site (Gillespie 1986 ). Since the distances derived from these methods are used to estimate times of divergence, our estimates for the separation of mainland and Hawaiian lineages are also biased to an unknown degree. If Shields et al. ( 1988) CGC GAG ATT 75  .....................  G ..........  C ..........................................  ............................... .. A ..............................  ....... Introns from the non-Hawaiian species are not shown, because of the difficulty of producing alignments. Dots indicate that the same base is present as in the heteroneuru sequence. Exons are spaced in threes to reflect codons. Introns are not spaced, and blanks within these indicate absence of any base. For D. melunoguster, two codons immediately 3' of the initiation codon have been omitted from the analyses because they are found in none of the other species. Sources of previously published sequence data used here are as follows: heteroneuru, Rowan and Hunt (1991) ; ufinidisjunctu, Rowan and Dickinson ( 1988) ; mulleri, Fischer and Maniatis ( 1985) ; pseudoobscuru, Schaeffer and Aquadro (1987) underestimates, and the divergence times based on them should be pushed back accordingly.
ATG OTT ATC GCT AAC AGT AAC ATC ATC TTT GTG GCT GOT CTG GOT GGC ATT GGC CTG GAC ACC AGT
Results from relative-rate tests (Sarich and Wilson 1967) (table 4) , while statistically suspect (Felsenstein 1988 ) , lend support to the impression that the Ad&s of both the modified-mouthparts representative, D. mimicu, and the non-Hawaiian repletu-group species D. mulleri are evolving more slowly than those of the other lineages, at least at synonymous twofold-degenerate sites. No rate heterogeneity was detected at synonymous fourfold-degenerate sites (roughly equivalent to third-base positions), despite the large base-composition differences among the species. A statistically more appropriate likelihood-ratio test of the molecular clock (Felsenstein 1989) gives no evidence of rate heterogeneity among the Hawaiian flies, so the results from the relativerate tests should be treated with caution.
Phylogeny of Drosophila
Species' phylogenetic positions deduced from their Adh sequences agree, by and large, with those based on morphology (Throckmorton 1975 ) and on immunological distances (Beverley and Wilson 1984, 1985) . While we have no outgroup with which to root our parsimony tree, distance measures suggest a root on the branch between the subgenera Sophophora and Drosophila, a finding concordant with the traditional view (Throckmorton 1975 ) : The expected paraphyly of the subgenus Drosophila is supported by our results showing the scaptomyzoid lineage (D. crussifemur) branching off from well within the subgenus. Our results agree with those of Beverley and Wilson ( 1985) in suggesting an ancient split between the drosophiloid and scaptomyzoid lineages.
Using the Adh coding sequences, we have failed to resolve definitively the branching order of the modified-mouthparts group (D. mimica) and D. adiastola, a nominal member of the picture-winged group. Evidence from other sources is conflicting. Chromosomal similarities argue for the placement of adiastolu with the other picturewinged members (Carson and Kaneshiro 1976) , but behavioral data (Spieth 1966) put it near the modified-mouthparts group. Mitochondrial DNA sequences are ambiguous on this point (DeSalle et al. 1987) , though a distance-matrix method using transversion differences places adiastolu nearer the picture-winged group (A. C. Wilson, personal communication ). The immunological results (Beverley and Wilson 1985 ) are difficult to interpret for this problem. Among the majority of picture-winged species, the immunological distances are zero or negative, but the comparisons with other species groups yield divergence times of 18 Myr, 35 Myr, and 4 1 Myr from the modified- NOTE.-The distances above the diagonal are for synonymous changes, and those below the diagonal are for nonsynonymous changes. Values in parentheses are standard errors of the distances. Distances were calculated by the method of Li et al. (1985) . Times of divergence above the diagonal are based on distances from synonymous differences by using an estimated rate of change of 0.015 substitutions/nucleotide/Myr. Divergence times below the diagonal are based on distances from the Kimura (1980) two-parameter model using total coding-region differences with an estimated rate of change of 0.005 substitutions/nucleotide/Myr. See text for further explanation. Fitch-Margoliash method (using FITCH from PHYLIP) . Branches are drawn proportional to their length in hits per site. The root for this tree is placed on the branch, marked with an X, between melanogasterpseudoobscura and mulleri. This placement is indicated both by morphological data and by midpoint rooting. NOTE.-The tests were performed using the method of Wu and Li (1985) .
' AN, is the number of transitions, per twofold-degenerate site, between species 1 and species 3; AZ3 is the number of transitions, per twofold-degenerate site, between species I and species 3. Under the null hypothesis A,s-A21 = 0. b K,, is the number of substitutions, per fourfold degererate site, between species 1 and species 3; K2) is the number of transitions, per fourfold-degenerate site, between species 2 and species 3. Under the null hypothesis K,,-Kz3 = 0. * Significant at 5% level.
mouthparts group, the adiastola subgroup, and the scaptomyzoids (including Engiscaptomyza), respectively. These dates contrast with the estimated times of divergence from the Adh data, which yield divergence times of 5-6 Myr, 5.5-7 Myr, and 24-30 Myr for the modified-mouthparts group, adiastola subgroup, and scaptomyzoids, respectively, calibrated on a divergence of the picture-winged group at 5.2 Myr. Beverley and Wilson's ( 1985) placement of D. adiastola is so much at variance with all the other phylogenetic data that we feel it should be treated with extreme caution. More data from different loci are needed to resolve the issue. It is also important to obtain data from more species of the main groups of Hawaiian flies, in order to assess the range of variation within them.
Ancient Origin of Hawaiian Drosophila
Our data show clearly that the origin of the Hawaiian drosophilids predates the birth of the oldest existing "high" island inhabited by drosophilids (Kauai). If this were not true, we would require that the silent-substitution rate in the Adh coding region of the rest of the Hawaiian drosophilids be far higher than that in the planitibia subgroup. Because the drosophiloids are strictly endemic to the Hawaiian archipelago, we take this date of divergence as evidence that the ancestors of these flies colonized an island that has long since eroded and migrated down the chain as new islands were formed. Our estimated time of divergence of -10 Myr for this clade would make the island of Necker (McDougall 1979) a good candidate as a point of arrival for a founding population. The large gap between the drosophiloid lineage and the scaptomyzoids, which apparently arose early in the history of the subgenus Drosophila, suggests to us that a separate introduction of the scaptomyzoids to the Hawaiian Islands was likely. Beverley and Wilson's ( 1985 ) data show no such large gap between the scaptomyzoids and the drosophiloids, largely as a result of the anomolous placement of D. adiastola, and they therefore support a single introduction. Both sets of results are consistent with current geological and biogeographical data. Further sequence data from Hawaiian and continental species of scaptomyzoids will be necessary to show whether such species evolved in the Hawaiian archipelago and migrated back to the continents. This work is currently under way. It will also be very interesting to obtain sequence data from species of the melanica group, particularly those from southern China, and also from a representative of the pinicola group. The Hawaiian flies are thought to have arisen from one of these groups (H. L. Carson, personal communication) .
APPENDIX Taxa Used in Present Study.
The classification is based on internal morphology and on polytene chromosome banding patterns (Throckmorton 1975; Carson 1976 
